The late Caledonian Galway Granite batholith is bisected by a WNW-trending magma mingling and mixing zone (the MMZ). This trans-batholithic feature marks the entrainment and ascent of hydrous dioritic magmas in anatectic silicic magmas. Deep in the zone, flowage and hydraulic stress stretched out alternating mafic and hybrid granitoid sheets. At progressively shallower levels, highly elongate and deformed enclaves led up to discrete clouds of ovoid enclaves. Magmatic end-members are identified as quartz diorite and calc-alkaline granite, from which a mixing continuum was produced despite a persistent degree of immiscibility among the various hybrids. A generally west-directed flowage along the MMZ locally induced detachment and upthrusting of ductile blocks of deeper-seated mingled rock. The detailed plan of the MMZ reveals left offsets, supporting field evidence for emplacement in a broad dextral NW-SE shear zone. The Maam and Clifden fault systems provide the partners to model this emplacement within a crustal pull-apart.
The mingling and mixing of dioritic magma within volumetrically dominant granitic magma is now a welldocumented phenomenon in batholiths from a wide variety of tectonic settings of all ages (Didier & Barbarin 1991 and Pitcher 1993 , and references therein).
In the Scottish-Irish Caledonides, a particularly fine example of this phenomenon is exposed in the late Caledonian Galway batholith. Mafic sheeting and dioritic enclaves hosted in hybridised granodiorite define a magma mingling and mixing zone that is well exposed along the central sector of the Galway Granite (Fig. 1) .
The batholith was emplaced some 400 Ma ago into a subduction-generated plutonic complex which, 90 Ma earlier, had itself been emplaced into Dalradian rocks ( Fig.  1 ) along the southern margin of the Laurentian continent (Leake 1989; Leake & Tanner 1994) . Terminal closure of the Iapetus Ocean was accompanied by tectonic compression of this margin, immediately followed by intrusion of the Granite (Leake 1989 : Williams & Harper 1991 . Intrusion was sited on a major Caledonian fault, the Skerd Rocks Fault, on the southern side of which the batholith was emplaced into early Ordovician metasediments and basalts of the South Connemara Group (McKie & Burke 1955; Williams et al. 1988) . The dimensions of the Galway Granite are 70 km E-W by 30 km N-S on land, but geophysical studies show that it extends south under Galway Bay and forms the substrate for Carboniferous limestone strata of the northern Burren (Murphy 1952; Max et al. 1983 : Madden 1987 . Thus the overall dimensions of the Galway Granite are 90 km by 35 km, with the long-axis oriented WNW-ESE.
The Galway Granite batholith is cut by two major faults, the NNE-trending Shannawona Fault and the NW-trending Barna Fault. Gravity studies by Madden (1987) show that, east of the Shannawona Fault, the batholith is 3-4 km thinner than to the west. This is consistent with Leake's (1978) assertion that the eastern part was upthrown and then denuded, and now exposes a correspondingly deeper intrusive level. West of the Shannawona Fault, lithologies in this composite batholith range from granodiorite (Carna Granite) through adamellite (Errisbeg Townland Granite) to alkali granite (Murvey Granite). The two latter types are also found east of the Barna Fault (Fig. 1) . The sector between the Shannawona and Barna Faults (i.e. the central block) exposes a significantly wider spectrum of lithologies, ranging from diorite through granodiorite to true granite. Indeed the relatively less-evolved nature of many central block rock-types has been highlighted by previous workers (Plant 1968; Coats & Wilson 1971; Leake 1978; Max er al. 1978 : Feely & Madden 1987 : Feely et al. 1991 . Max et al. (1978) identified two updomed plutons comprising the greater part of the batholith: Carna in the west and Galway-Kilkieran in the east, the latter itself pierced by the Spiddal dome occupying much of the central block. The magma mingling and mixing zone, the object of the present study, cuts across the central block, trending close to the WNW-SSE long-axis of the batholith though subject to left offsets (Fig. l) , for which an en-echelon pattern is suspected though not yet proven. In the east, the mingling and mixing zone obliquely intersects the northern coast of Galway Bay in the Spiddal district, between 14 and 16 km west of Galway City (Fig. 1) . This eastern sector of the mingling and mixing zone (Fig. 2) has been mapped by El Desouky (1992) . Between 10 and 20 km farther west, the Costelloe sector of the mingling and mixing zone (Fig. 3) has been mapped by Feely (1982) . We now unify the two data-sets to provide an overview of the structure, lithology and chemistry of the zone. We note in passing the possible continuation of the magma mingling and mixing zone between Furbogh and Barna, closer to Galway City (Fig. l ) , which awaits detailed mapping.
Previous work and terminology
In the first mapping of the Spiddal region, Kinahan took particular note of an area of strongly banded lithologies at Lippa, east of Spiddal (Fig. 2) , which he saw as 'a patch of gneiss and schist ' (Kinahan 1869, p. 31) . H e concluded that the majority of Galway granite types were of anatectic
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-I 5 km. origin, and had not risen significantly above their level of generation (Kinahan 1869 (Kinahan , 1871 (Kinahan , 1873 ). Kinahan's proposals were endorsed by Cole (1916) who, in the company of the young Arthur Holmes, examined coastal exposures around Barna. They concurred that occasional prominent layering there did indeed preserve the gneissic structure of a protolith. Fifty years on, Holmes' classic book, 'Physical Geology', featured a photograph taken at Barna of 'highly complex migmatite' (Holmes 1965, p. 183) .
More recently, Max et al. (1978) have coined the term 'Banded Zone' for what they claim to be 'a previously unrecognized zone of foliated sheeting of granodiorite and Errisbeg Townland Granites' running WNW from Spiddal. These authors attribute this 'magma-tectonic feature' to 'intense local deformation immediately preced[ing] the intrusion of the Spiddal Granite'. In detail, 'individual bands may have a mixed aspect, [yet] each band is usually uniform internally and sharply delineated from adjacent sheets'. Max et al.'s conclusions anticipated the concept of magma mingling and mixing, first clearly propounded for the magma mingling and mixing zone by Corcoran (1984) . However, we recommend the abandonment of the term 'Banded Zone', if only because sheeting/banding is a locally restricted feature within the zone.
Geological setting of the magma mingling and mixing zone in the Spiddal and Costelloe areas
The magma mingling and mixing zone (MMZ) is bordered by the Megacrystic Granite to the north, and the Lough Lurgan Granite to the south (Figs 2 & 3) . Other granite types are more localised and confined to either the Spiddal or the Costelloe sectors. The MMZ is 3-4km wide in the Spiddal sector, where it maintains a linear WNW trend until terminating abruptly against the Kilroe Fault ( Fig. 2) . At Costelloe, the MMZ curves from WNW in the east to WSW on the Carraroe peninsula, again terminating abruptly, in this instance at the Shannawona Fault where it abuts downthrown Errisbeg Townland granite to the west (Fig. 3) . The nature and pattern of the MMZ between the Spiddal and Costelloe areas has yet to be mapped.
The contact of the MMZ with the Megacrystic Granite is transitional over approximately l00m. By contrast, the MMZ is sharply intruded and its fabric transected by the Lough Lurgan Granite, with a narrow (1-2 cm) ductile shear zone separating the two lithologies (Fig. 4a) . West of Spiddal, the outcrop pattern of the Lough Lurgan Granite broadens and reaches around the western, downthrown side of the Kilroe Fault. It terminates farther west at the Knock Fault against downthrown Knock Granite (Fig. 2 ). An isolated 3 X 1 km area of Lough Lurgan Granite occurs within the MMZ north of Spiddal (Fig. 2) , but its margin is nowhere clearly exposed. In the Costelloe area, the MMZ-Lough Lurgan Granite contact is likewise not exposed, although occasional apophyses of the granite are seen within the MMZ.
Granitoid intrusions singular to the Costelloe area include the Lough Fadda Granodiorite, intruded into the Megacrystic Granite and transected at its southern end by the MMZ. The Cloghmore Granodiorite is emplaced into, and entrains angular blocks of Lough Lurgan Granite (Fig.  3) . The Costelloe area also contains the largest intrusion of Murvey Granite in the entire batholith. This alkali leucogranite has outward dipping ( c . 15') margins that crosscut and are chilled against all surrounding granitoids. The outcrop pattern of the intrusive rocks comprising the Spiddal sector, including the MMZ, is modified by five major NNE-trending faults (Fig. 2) . These high-angled normal faults throw down westward in concordance with the Shannawona Fault, some 20 km farther west. Throws on the five faults (in sequence from east to west) are estimated, on the assumption of pure dip-slip movement, to be: Derryloughaun Fault, c. 400-S00 m; Shannagurraun Fault, 800 m; Creduff Fault, 2S0m; Kilroe Fault, 600 m; Knock Fault, unknown. Movement(s) on these faults sheared and altered the host granitoid rocks across zones as wide as 80 m.
Granitoid lithologies in the Spiddal and Costelloe areas
Megacrystic Granite. This strikingly porphyritic rock carries large (15-SO mm) salmon-pink K-feldspar megacrysts set in a coarse-grained darkish-grey groundmass. Occasional alignments of the megacrysts, together with sparse discoidal enclaves and biotite screens, contribute to an intermittent WNW-trending fabric which becomes more prominent within a few hundred metres of the magma mingling and mixing zone. The fabric dips between 45" and 70" to the NNE in the Spiddal area, but usually more steeply in the Costelloe area (Figs  2 & 3) . The Megacrystic Granite has previously been described by Plant (1968) from the eastern side of the Shannawona Fault ('Shannawona Granite') and by Coats & Wilson (1971) (Wager 1932) . On approach to the MMZ, the Granite becomes progressively more mafic and plagioclase-rich (ie. granodioritic), and near the contact occasional small flattened enclaves appear.
Lough Lurgun Granite. First defined by Doyle (1988) , is a medium-coarse (1-7 mm) equigranular rock that is appreciably more leucocratic than Megacrystic granodiorite (Table 1, Fig. S) . At Costelloe it has a higher plagioclase/alkali feldspar ratio than at Spiddal (Table  1) . Mafic enclaves are sparse and tend to be lensoid rather than ellipsoid. In the block between the Kilroe and Knock Faults, four small quartz-diorite bodies are hosted within Lough Lurgan granite (Fig. 2) .
Lough Fuddu Grunodiorite. This medium-grained (2-S mm) granodiorite carries occasional K-feldspar phenocrysts (< 15 mm long) within a darkish grey groundmass. It is almost devoid of enclaves.
Cloghmore Granodiorite. This rock is similar to Lough Fadda Granodiorite but is generally somewhat coarser (2-10 mm grainsize), and phenocrysts are even less common.
Knock Granite. Is a white, uniformly equigranular (1-8 mm) rock containing more quartz and less hornblende and biotite than Lough Lurgan granite (Table  1) . Enclaves are absent.
Costellor M w v e y Grunire. Is composed of a pale-pink, medium-grained (2-8 mm), highly leucocratic alkali granite ( Table 1) . This high level granite species, first described from Murvey at the western end of the batholith by Wager (1932) , has now been recognised from several parts of the Galway Granite (e.g. M M Z Grunodiorite. The magma mingling and mixing zone (MMZ) comprises incompletely mixed hybrid granodiorite (the MMZ granodiorite) in which sheeted blocks and enclave clusters appear randomly distributed.
A mingling spectrum exists from intensely drawn-out mafic sheets, through highly elongate enclaves to ovoid and even spherical enclaves. Modal analyses of the various lithologies are presented in Table 1. MMZ granodiorite is typically a medium-coarse grained (1-10 mm), aphyric or weakly plagioclase-phyric rock with a relatively high colour index ( Table 1 ). Significant changes in this index and in texture over distances of tens of metres express varying degrees of entrainment and mixing. For example, east of Spiddal irregular areas of isotropic aphyric granodiorite grade rapidly into equally irregular areas of plagioclase-phyric granodiorite bearing an entrainment and mineral crystal fabric parallel to MMZ strike. Such a fabric is common to much of the MMZ Granodiorite.
In the Costelloe sector, MMZ Granodiorite tends to be darker and richer in plagioclase than in the Spiddal sector (Fig. Sa) , and the same tendency is seen in the Lough Lurgan Granite.
Mufic sheers and enclaves. Lithologies range from mediumgrained quartz-diorite through diorite, to mela-diorite of specific gravity as high as 2.97. Femic minerals form 40-65% of these rocks (Table 1) . K-feldspar, quartz and sphene (up to 2.5%) are typical accessories. Despite an intensive search, no pyroxene core to a hornblende crystal has yet been progressively to steepen until it is near-vertical on crossing (Fig. 2) , varies from 0.5-2 cm near the northern margin of the MMZ to a typical 8 c m in the interior of the sheeted block. Granitoid sheets tend to be thicker than mafic sheets and occasionally exceed 25 cm. The volumetric proportion (granitoidmafic) is typically between 1.5:l and 2:1, but the proportion reverses to about 0 5 1 at the margin of the sheeted block where stretching has been most severe.
Contacts between individual sheets can be abrupt, but it is common for feldspar phenocrysts to lie athwart a narrow transitional contact.
Mafic sheets are not chilled against granitoid sheets, implying a superheating of host silicic magma from intrusion and entrainment of abundant mafic magma (Wiebe 1991) . Mafic sheets terminate either by rapid thinning to a single apex or fork, or rarely by braiding.
A planar fabric in the mafic sheets at Leac an Oinseach, immediately west of Lippa (Fig. 2) , parallels the N110" strike and 85"N dip of the adjoining MMZ-Megacrystic Granite contact. Max et al. (1978, p. 230) term this fabric 'a penetrative schistosity'. Narrower sheets carry a stronger fabric, suggesting stress acting progressively on originally similarly-sized mafic bodies within the granitoid host. The fabric is expressed by aligned, slender hornblende crystals, stretched plagioclase crystals and sparse, oriented K-feldspar phenocrysts. By contrast, the granitoid sheets are isotropic except for an occasional weak tendency to alignment of any K-feldspar megacrysts.
The sheeted zone at Leac an Oinseach is less than 1 0 m wide, grading southward into a medium-strain environment where mafic sheets become replaced by highly stretched enclaves.
The high-strain zone at Lippa itself is more complex. The outermost 2-3 m, adjoining a faulted contact with the Megacrystic Granite, display severely stretched mafic sheets (0.5-3 cm thick) carrying a strong internal fabric. No fabric is discernible in the intervening granodiorite sheets. Inward (south) from this narrow belt of severe strain, a 15-20m wide zone is characterized by tight folds, some single and detached, others forming cascades of isoclinal folds (Fig.  4d) . The folds affect thick mafic sheets separated by thin but persistent granodiorite layers. Amplitudes range 0.8-1.5 m Costelloe Area with half-wavelengths of 0.2-0.5 m. Axes are near-vertical and axial planes lie parallel to MMZ strike. This implies a maximum compressive stress direction oriented orthogonal to the MMZ-Megacrystic Granite contact. Severe compression acted on a crystallising mafic mush, hosted in liquid granodiorite whose crystallisation followed at a time when the stress had abated.
The Megacrystic Granite, where it adjoins the northern margin of sheeted blocks in the MMZ, is also deformed but to a much lesser degree. Occasional small, lensoid mafic enclaves and undeformed K-feldspar megacrysts are aligned parallel to the strike of the MMZ. Also present, however, are strongly stretched plagioclase phenocrysts with aspect ratios as high as 10:l. They evidently crystallised earlier than the K-feldspar megacrysts, and demonstrate that the Megacrystic Granite started freezing before the final strain episode imposed by the MMZ.
A component of dextral shear along the MMZ is indicated by overlaps of fractured dioritic sheets, by ductile deformation patterns of some thin granitoid sheets and lenses (Fig. 4e) , and by dextral bending of syn-plutonic dykes that traverse the sheeted blocks. Because these features occur at and near the northern margin of the MMZ, an element of west-directed magmatic flow along the MMZ is inferred.
The high-strain sheeted blocks appear to be allochthonous, thrust up from a deeper injection level along ductile slip planes into higher, less strained levels in the MMZ. The glide planes are preserved as thin (<20 cm) pale-green mylonites that dip 20-40" to the east. This is a similar attitude to that of the syn-plutonic dikes cutting the Lippa and Leac an Oinseach blocks, with dips of about 45" to the east. These K-feldspar pegmatitic and syenitic dykes become more common towards the block termini, until an envelope of penetrative injection effects a limit to preserved sheeting.
Low-strain enclave clusters
Enclaves in the MMZ occur in discrete clusters, typically 20-25 m wide, which may be aligned in trains (Max et al.
1978)
. A maximum density of 25 enclaves per m' has been
counted in the eastern part of the Spiddal sector. Enclave z-axes are preferentially oriented subparallel to MMZ strike, and exposures on uncommon vertical faces show a preference for a gentle westward pitch. The magnitude of z ranges from several centimetres to a few metres, but is typically some tens of centimetres. Aspect ratios vary from spherical ( z : x = 1:l) to extremely stretched (z:x 5 20:l) (Fig.  4f ). Where exposed, the magnitudes of y and X tend to be similar, indicating the enclaves to be prolate ellipsoids. Rare tear-drop enclaves in less strained parts of the MMZ, both in the Spiddal and Costelloe sectors, have tails that point predominantly though not exclusively westward. The margins of larger enclaves occasionally display crenulate or cuspate forms convex to the granodioritic host. Chilled margins are the exception, suggesting a small temperature contrast between the enclave and host magmas (Wiebe 1991) . Rarely a hybrid layer 1 2 5 cm wide intervenes between enclave and host, with sharp boundaries indicating restricted miscibility among the three liquids.
Plagioclase phenocrysts, many showing resorption, were evidently able to transfer from one liquid to another. The occasional presence of unresorbed microcline megacrysts in the mafic sheets is, by contrast, considered to reflect near-solidus ionic diffusion. The early transfer of plagioclase crystals indicates that magma mingling in the MMZ did not immediately result in freezing of the mafic globules. This in turn implies that abundant dioritic magma, ponded at deeper levels in the batholithic chamber, was a source for superheating of ascending granitic magmas carrying entrained liquid mafic blobs.
Most MMZ enclaves show a mineral alignment, the intensity of which can vary from one enclave cluster to the next. In almost all instances, the internal fabric curves subparallel to the enclave margins, proving that this fabric formed after the mafic blob separated from its parent pool.
Angular enclaves
A rare type of enclave, hosted only in the MMZ Granodiorite, is characterized by abrupt and angular boundaries (Fig. 4g) . Such enclaves, never large (<30cm across), are distinguished from globular enclaves by a more mafic lithology and a lack of the sphene ubiquitous in the latter (Table 1) . Angular enclaves comprise the densest and most melanocratic rock-type found in the MMZ. Their occurrence among the globular enclave clusters may relate to: (1) rare doleritic blobs that were able to climb to a high, cool level within the almost congealed batholith, and were fractured in a high viscosity, high flow-stress regime (Walker 1969) ; (2) doleritic rock previously crystallized from mafic injections during an early stage of batholithic emplacement, rare fragments then being incorporated and brought up within the MMZ; or, (3) countryrock xenoliths.
Geochemical evidence for mixing between mafic and silicic magmas
It is beyond the scope of this article to make a comparative study of the petrology and geochemistry of all granitoid rock-types encountered in the Spiddal and Costelloe areas. We focus here on the magma mingling and mixing zone (MMZ) and associated Lough Lurgan, Knock and Lough Fadda granitoid rocks (Table 2) . Furthermore, an initial policy of broad sampling precludes a fine resolution of the various mixing phenomena in the MMZ, for which a focused sampling will be made in a future survey.
Implications from Petrography
On a modal quartz-alkali feldspar-plagioclase (QAP) diagram (Fig. 5 ) (Fig. 6) show, with increasing wt% SiO,, a generally linear decrease of MgO, CaO, FeO,, TiO,, and AI,O, (in order of increased scatter -n.b. angular enclaves are excluded from the present discussion). However, the apparent scatter for A1,0, includes two distinct curves for the Costelloe and Spiddal samples; higher CaO in the former is consistent with the observed higher P / A mineral modal ratio. K,O shows a scattered but direct relationship that tightens and steepens for the true granites (Fig. 6) . A similar tightening is observed for MgO and FeO, above about 65%, accompanied by possible increases of c. 0.5% in these oxides.
Geochernistry Major and trace element variations. Harker variation diagrams
Spiddal enclaves have marginally higher MgO/FeO, and K20, and lower TiO, than Costelloe enclaves. Such differences imply that separate batches of mafic magma entered the eastern and western ends of the MMZ (cf. Orsini et al. 1991) , the eastern, Spiddal mafic magma being the less hybridized. This complements the more granitic nature of the MMZ Granodiorite in the Spiddal area: both granitoid host-rock and the contained enclaves are less hybridized in the eastern, Spiddal sector of the MMZ. Zr, Sr and Ni decrease with increasing S O z , whereas Rb, like K20, increases. Trace element plots generally show a greater scatter than for the bivalent major elements (Fig. 6) .
Scatter for
Sr and Zr is greatest at low silica values, reflecting the influence of liquid composition (hosting the greater concentration of the particular trace element) on diffusivity (see Tindle 1991 ). In summary, major and trace element geochemistry show a continuum from Knock and Lough Lurgan granites, through the MMZ (and Lough Fadda) granodiorites on into the variably digested mafic enclaves and sheets. This is best exemplified for Mg, Fe and Ca, though there are small but possibly significant breaks in trend at c. 65% SO,. Nevertheless a hybridization-mixing process can be posited which involved the Knock Granite as an end-member. The mafic end-member is more difficult to fix. The angular enclaves are geochemically singular in the context of the MMZ. Whilst they extend the variation trends for K,O, CaO and Fe0 (Fig. 6) , they plot below the trends for TiO, and Al2O3, and markedly so for Sr and Zr. By contrast, MgO is enriched in the angular enclaves, and Ni even more so (Fig. 6 ), hinting at an unevolved mantle melt source. There appears no consistent way in which angular and globular enclave geochemistry can be related either through mixing or crystal fractionation processes. Therefore the angular enclaves are not an appropriate mafic end-member for the MMZ mixing processes.
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Rare earth elements ( R E E ) .
Chondrite-normalized R E E patterns for the lithological spectrum of Spiddal MMZ samples are compared in Fig. 7 with average patterns for Errisbeg Townland and Murvey Granites (Feely et al. 1991) . REE abundances are highest in globular enclaves, and decrease through MMZ Granodiorite to Lough Lurgan and Knock Granite (the last two have near-identical REE profiles). This sequence reproduces that found, for example, for the Sierra Nevada batholith lithologies (Barbarin 1991) . The Galway enclaves and granitoids yield a coherent stack of profiles showing light-REE enrichment, at La/Yb = 20. Weakly negative E u anomalies are common to enclaves and granitoids alike, again a feature found in other granitoidenclave associations (e.g. Barbarin 1991) . Either all MMZ magmas, whether dioritic or granitoid, underwent similar degrees of plagioclase fractionation, which is difficult to concede on the basis of the observed mineralogy, or, REE equilibration occurred between proximate mafic and silicic magmas, followed by minor crystal fractionation of REEbearing accessories in the granitoid magmas (Rapp & Watson 1986) .
The Murvey Granite pattern centres within the heavy R E E sector of the MMZ stack, but is flatter: La/Yb = 5 (Fig. 7b) . This confirms the evidence from field relationships and geochemistry, that the highly evolved melt which formed the Costelloe Murvey intrusion was unrelated to the granitoid magmatism of the MMZ within which it was later emplaced.
Angular enclave REE patterns are flatter than the MMZ stack (Fig. 7a) . Light-REE abundances are some eight times less abundant than in globular enclaves, with La/Yb = 2-5. This is expressed in the mineralogy, where accessory titanite, allanite and zircon are much more abundant in globular than in the angular enclaves (Table 1) ; REE in granitic rocks are notably concentrated in accessory minerals (Rapp & Watson 1986 ). The angular enclaves contrast diametrically with all other MMZ rocks in showing a positive Eu anomaly. This is a characteristic of certain tholeiitic basalts (e.g. Schilling et al. 1978) , supporting geochemical indications that the angular enclaves crystallized from a relatively primitive mantle-derived melt.
Nature and source of enclave magma
A magmatic origin is now generally accepted for the great majority of globular enclaves occurring in granitoid intrusions (e.g. Didier 1973 Didier , 1987 ; Cantagrel er al. 1984). rocks (symbols as in Fig. 
5).
They attest to commingling and attendant hybridisation between coexisting mafic and silicic magmas (Didier 1973 (Didier , 1987 Chen et al. 1990 ). The dioritic composition of the majority of enclaves is emphasized by Vernon (1984) , who considers that this intermediate character expresses a prior mixing of mantle-derived gabbroic magma with granitic magma at a sub-batholithic level, rather than high-level penetration of gabbroic magma into the batholith with ensuing hybridization.
On the other hand, Baily (1984) argues that many enclaves are cogenetic xenoliths, detached from earlier, deeper mafic intrusions and entrained and hybridised in fractionated granitic magma ascending to mid-upper crustal levels. Chappell & White (1991) develop the further possibility that enclaves are restite fragments carried upward within the granitic melt.
Mineralogical and geochemical trends for the MMZ enclave-granitoid suite are, to a first order, consistent with a consanguinous evolutionary sequence from quartz diorite through tonalite and granodiorite to granite. Could crystal fractionation be the important mechanism to explain this sequence? No field evidence has yet been adduced for gravity separation of crystals by either settling or flotation in the MMZ. On the contrary, crystal migration from one M M Z lithology into another fully supports the concept of the mingling of co-existing dioritic and silicic magmas. The spectrum of enclave strain and stretching, and the various 
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forms of interaction of two melts, are most easily explained in terms of magma mingling and mixing. The unambiguous field evidence for mixing and hybridisation between mingled magmas is endorsed by the petrographic and geochemical data presented above. The water-rich nature of the mafic magmas must be emphasised. Femic minerals in the MMZ enclave rocks are confined to the hydrous phases, hornblende and biotite: neither olivine nor pyroxene has yet been identified. The more melanocratic rocks therefore have an appinitic aspect, as recognised elsewhere by Harker & Marr (1891) and Ayrton (1991) . The production of hydrous intermediate magma from a presumed mantle-derived mafic parent required substantial addition of SiOz, K and REE, as well as H,O. It is envisaged that high-temperature olivine gabbroic magma, ponding near the Moho, induced partial anatexis of lower crustal amphibolitic rocks (Roberts & Clemens 1993; Grunder 1995) . Vigorous convective mixing of mafic and anatectic liquids then followed to yield a homogenous, low-viscosity, water-rich appinitic hybrid. This hybrid magma channelled rapidly up through a widening and rising front of slower-moving, more viscous granitic magma.
In the Spiddal sector of the MMZ, gravity data suggest that relatively large intrusions of mafic magma rose to within 5-7 km of the present surface (Callinan 1991) . With a steepening thermal gradient, anatexis was facilitated at a higher level, in amphibolites and hornblende-tonalite gneisses of the middle crust. The granitic magma thus produced mingled in the upper crustal batholith with hydrous dioritic magma of deeper origin. Mixing was now a much less efficient process than previously in the lower crust, and was soon terminated by freezing. In the development of the MMZ, therefore, two-stages of mixing are proposed: a deeper completed mixing followed by a shallow, incomplete mixing. Subsolidus diffusion completed the hybridization process.
Form and structure of the magma mingling and mixing zone
The magma mixing and mingling zone (MMZ) marks a trans-batholithic intrusion zone at least 20 km long. Profuse blobs of hydrous dioritic magma were injected at a deep level into granitic magma along the axis of the Galway batholith. Flowage and hydraulic compressional stresses drew out and flattened the blobs into high-strain sheeting. At higher levels fountains of smaller blobs, sprayed up into an increasingly mobile, superheated and hybridized granitoid magma, gave rise to enclaves in a progressively lower strain regime. Syn-consolidation NNE-SSW extensional faulting, accompanied by rotation of the still-ductile fault blocks (e.g. Morton & Black 1975) was followed soon thereafter by unroofing and peneplanation (Leake & Cobbing 1993; Whitworth & Feely, 1989 , 1994 . This resulted in exposure of a repeated westward succession that can be idealised across each faulted block as follows:
(1) sheeted terrain; (2) streaky hybrid granodiorite containing common enclaves; (3) hybrid granodiorite with infrequent enclaves (Fig. 8) .
Using the upper termination of dioritic ascent and magma mingling as a reference datum, the disappearance of the MMZ immediately west of the Spiddal sector can be ascribed to downthrow on the Kilroe and Knock Faults (Fig.  g) , to reappear at an as yet unsurveyed locality east of the Costelloe sector. On the same argument, the MMZ continues at depth beyond the Shannawona Fault into the western half of the Galway batholith. Assuming a measure of symmetry for the Galway Granite about its long-axis (the southern part of the batholith lies below Galway Bay), the M M 2 marks an axial injection zone. Only on approach to the Shannawona Fault does the N11O"E strike of the MMZ veer, in an anticlockwise sense consistent with syn-consolidation drag from sinistral shear along that fault (Fig. 1) . In detail, the MMZ is not a single linear zone but comprises left-offset, probably en-echelon sectors at the present structural level (Fig. 1) .
A west-directed larninar flow regime was established in the MMZ.
Flow surges are considered to have thrust occasional detached segments of sheeted blocks up low-angle, west-rising shear surfaces. Locally turbulent flow was induced near the margins of the MMZ, the rapid increase in the strain-rate gradient leading to tearing off and plastic deformation of congealing mafic sheets. Forceful hydraulic compression may have aided this deformation. The westward component of flow implies a major source of magma under the easternmost part of the MMZ.
Significance of the magma mingling and mixing zone in a regional tectonic setting
The c . 400 Ma old Irish granitoid batholiths were intimately related in space and time to regional late-Caledonian faults (Leake 1978 A stress model employing a NW-SE dextral shear couple in conjunction with a pull-apart (Fig. 9 ) matches observed features in the Galway Granite. First, a dextral shear couple on the Maam and Clifden-system faults would produce a strain ellipse with long-axis oriented WNW-SSE, matching the plan of the Galway batholith. Second, sinistral Riedel shears trending NNE in the model find their match in a component of sinistral shear on the NNE-trending Shannawona Fault. Third, the major extensional, dip-slip component of the Shannawona and parallel faults in the eastern half of the Galway Granite is again consistent with the strain model (Fig.  9) . Fourth, the model predicts the magma mingling and mixing zone (MMZ) to mark a line of crustal compression, and we have argued for hydraulic compression across the zone (see also Rosenburg et al. 1995). In addition, a west-directed component of flow along the MMZ implies an element of asymmetry to the batholith. If a brief episode of mantle upwelling had been centred beneath the eastern part of the Galway batholith, this would have led to more rapid uplift and ensuing denudation of the eastern relative to the western part of the batholith.
The axial MMZ makes the Galway Granite unusual if not singular among Irish-British Caledonian batholiths. If our interpretation of the emplacement of the Galway batholith is viable, the coincidence of the deep-seated MMZ with the compressional axis of the strain ellipse would explain this rarity. Ascent of mafic magmas up the MMZ line required an exceptionally powerful mantle-driven hydraulic head within a pre-weakened crustal block.
Conclusions
The Costelloe and Spiddal sectors of the Galway Granite, located on the upthrown central block between the Shannawona and Barna Faults, provide fundamental and unequivocal field evidence for an axial zone of magma mingling and mixing that was active during the emplacement of the batholith. This zone (the MMZ) was bounded north by concordant contact with the Megacrystic Granite, and south by a younger contact produced by the transgressive intrusion of the Lough Lurgan Granite. MMZ lithologies show a mixing continuum from quartz-diorite through tonalite to predominating granodiorite. Petrography and geochemistry strongly endorse the mixing concept. The MMZ Granodiorite hosts distributed groups of mingled mafic blobs which range from ellipsoidal enclaves to severely drawn out and compressed thin sheets. Depth was a controlling factor in producing this strain spectrum.
We propose that, during initiation of the Galway batholith, mantle-derived magma triggered melting of lower crustal amphibolite and granulite. Ensuing thorough mixing between the primary and anatectic melts produced a low-viscosity, water-rich dioritic (appinitic) magma. Ascent of this magma then led to a second stage of mingling and mixing in the upper part of the newly established batholith, where granite magma produced from anatexis at more than one crustal level was already in place. The MMZ dynamic reached up to a terminal altitude determined by density and thermal factors within the batholith. Rare, enigmatic angular enclaves at this terminus may be country-rock xenoliths; they require further study.
The various granitoid units associated with and including the MMZ were emplaced within a relatively short time interval. Liquid-liquid contacts were the rule, though involving a wide range of viscosities from mobile superheated granite magma to congealing mafic blobs. The leucogranites rose into the MMZ towards the end of plutonic activity. However, the Cloghmore Granodiorite, intruded into the Lough Lurgan Granite at Costelloe, illustrates that less evolved magma was still ascending into the upper crust at a late stage.
The consolidation and early cooling of the Galway batholith was accompanied by normal faulting and dikes striking perpendicular to the MMZ. This was quickly followed by peneplanation of the upfaulted eastern part of the batholith. Recent geobarometric studies indicate that crystallisation of zoned hornblendes in the western sector of the batholith began at 2.6 f 1.2 kbar and ended at < 1.5 f 1.0 kbar; whereas east of the Shannawon Fault unzoned hornblendes crystallized at 4.3 f 0.7 kbar (Leake & Ahmed Said 1994) . Following the uplift and unroofing, alkali leucogranite magma rose to a high structural level in the Costelloe sector of the MMZ to form the cross-cutting Murvey Granite (Feely & Madden 1987) . Manganiferous garnets in pegmatite and aplite dykes within this intrusion indicate crystallization at <3 kbar (Whitworth & Feely 1989 , 1994 .
Emplacement of the Galway batholith is postulated to have occurred in a crustal pull-apart between NW-trending dextral shear zones marked by the Maum and Clifdensystem Faults. This helps explain the trend of the MMZ, the nature of its internal deformation, and the postconsolidation orthogonal faulting and diking across the batholith and its envelope. In conclusion, the Galway Granite is highlighted as a unique laboratory for the study of the evolution of a late Caledonian batholith at a variety of structural levels, with magma mingling and mixing playing an essential r6le in a singular evolution.
